High-efficient ZnO-based nanorod array light-emitting diodes (LEDs) were grown by an oblique-angle deposition scheme. Due to the shadowing effect, the inclined ZnO vapor-flow was selectively deposited on the tip surfaces of pre-fabricated p-GaN nanorod arrays, resulting in the formation of nanosized heterojunctions. The LED architecture composed of the slanted n-ZnO film on p-GaN nanorod arrays exhibits a well-behaving current rectification of junction diode with low turn-on voltage of 4.7 V, and stably emits bluish-white luminescence with dominant peak of 390 nm under the operation of forward injection currents. In general, as the device fabrication does not involve passivation of using a polymer or sophisticated material growth techniques, the revealed scheme might be readily applied on other kinds of nanoscale optoelectronic devices. Zinc oxide (ZnO) is a promising material for the next generation of short-wavelength (blue/near-UV) light-emitting diodes (LEDs), 1 due to its unique characteristics such as direct and wide bandgap energy of 3.37 eV, large exciton binding energy of 60 meV, and high radiation resistance for harsh environments operation. 2, 3 Owing to intrinsically n-type polarity, 4, 5 and difficulty in achieving reproducible and stable p-type ZnO material, 6 , 7 most of ZnO-based LEDs are constructed as heterojunction structures with other p-type materials. [8] [9] [10] [11] [12] Among them, the n-ZnO/p-GaN heterojunction is the most suggested configuration for practical applications in consideration of their same wurtzite structure with small lattice mismatch (∼1.9%) and mature development of p-type GaN in the LED industry. 13 Nevertheless, a large energy-band offset was induced at the n-ZnO/p-GaN interface, 14 hindering the electrical carrier injection, and in consequence, degrading the actual performance of the LEDs. Nanostructures such as nanowire and nanorod arrays have been widely proposed to overcome the above issue by increasing the carrier injection efficiency through nanosized junctions. [15] [16] [17] [18] [19] The LED's light extraction efficiency is also enhanced by virtue of the optical coupling or strong scattering of guided light with the nanostructures. But in all of these cases, making electrical contacts to nanostructured LEDs with submicrometer dimensions generally requires multiple procedures, involving not only a completed filling of polymers into the interval gaps of nanorods, but a precise etching to expose the tip regions of nanorod arrays, which largely constricts their applications in high performance optoelectronic devices. Here we demonstrate a general strategy using oblique-angle deposition to fabricate the blue/near-UV LEDs composed of the slanted n-ZnO film on randomly distributed p-GaN nanorod arrays. Due to the shadowing effect provided by the pre-fabricated p-GaN nanorod arrays, 20, 21 the inclined ZnO vapor-flow was selectively deposited on the tip surfaces of the nanorods, and eventually coalesced altogether to form a continuous film with good crystalline quality. As a result of proposed scheme, the fabricated slanted n-ZnO/p-GaN nanorod arrays LED exhibits a well-behaving current rectification of junction diode and strong bluish-white electroluminescence (EL). Moreover, this method allows us to overcome the constrictions of using a polymer, rendering our technique low cost and reliable for mass-production of nanoscale optoelectronic devices.
The design architecture of the proposed LED is depicted in Fig. 1(a) . The 2-μm-thick undoped GaN buffer layer and 400-nm-thick p-type GaN layer were subsequently grown on a (0001) sapphire substrate by metal-organic chemical vapor deposition. The hole concentration and mobility of p-type GaN layer acquired by a four-point Hall measurement are p = 5.5 × 10 17 cm −3 and μ p = 6.2 cm 2 /Vs, respectively. The randomly distributed nanorod arrays were fabricated on the p-type GaN layer by using self-assembled nickel (Ni) cluster as a hard mask for inductively coupled plasma (ICP) dry etching. During ICP process, we employed the standard photolithography to further protect the p-contact region for the subsequent fabrication of p-electrode. The fabrication detail of nanorod arrays is described in Ref. 21 . Figure 2 300 nm in length are vertically aligned along the 0001 direction. The diameter of individual ptype GaN nanorod ranges from 100 to 140 nm, primarily determined by the deposition thickness of the Ni cluster and the ICP condition. The number density of nanorod arrays is estimated to be 2.2 × 10 9 cm −2 , which corresponds to a volume filling faction of ∼17.3%. The slanted ZnO film with 300 nm in thickness was then grown by oblique-angle deposition using a radio frequency (RF) magnetron sputtering system at room temperature, and a representative cross-sectional SEM image is shown in Fig. 2(b) . In the deposition, the sample stage on which our nanorod arrays is loaded was tilted an angle of θ = 60
• (same as nanorod array) with respect to the ZnO vapor-flow direction. The ZnO sputtering target was 76.4 mm in diameter and 99.99% pure, and the target-substrate distance was 70 mm. The sputtering chamber was evacuated to a pressure of 5 × 10 −6 torr, and then oxygen (99.99%) and argon (99.999%) were introduced as sputtering gases with a ratio of O 2 (2 sccm)/Ar (10 sccm) = 20%. The working pressure and sputtering power were kept as 8 × 10 −3 torr and 100 W, respectively. As compared to other growth schemes, the oblique-angle sputtering system would provide useful advances in the production of cost-effective and nanostructured ZnO-based optoelectronic devices. Due to the shadowing effect provided by the pre-fabricated p-GaN nanorod arrays with high aspect ratio (3:1), the inclined ZnO vapor-flow is deposited selectively on the tip surfaces of the p-GaN nanorods. The grown sample was then subjected to rapid thermal annealing (RTA) at 900
• C under a nitrogen atmosphere for 1 min to alleviate the influence of intrinsic defects and interface states of slanted ZnO film on the LED's performance. 22 The doping concentration and carrier mobility of slanted ZnO film characterized by means of four-point probe and Hall measurement amount to n = 7.4 × 10 18 cm −3 and μ n = 3.9 cm 2 /Vs, respectively, with an n-type polarity. Finally, an additional slanted indium-tin-oxide (ITO) film with a thickness of 400 nm was again grown by the RF magnetron sputtering with an incident angle of θ = −60
• to interconnect the slanted n-ZnO/p-GaN nanorod arrays, and that also provides as a continuous and conductive platform for the subsequent mask-evaporation of Ni/Au n-electrode and electrical injection [ Fig. 2(c) ]. The measured resistivity of slanted ITO film is ρ = 1.27 × 10 −3 -cm, which is acceptable to perform as an electrical conductive film for LED applications. Thus electrons from n-electrode are spread out uniformly within the ITO layer, and then injected evenly into each individual slanted n-ZnO/p-GaN nanorods. Fig. 1(b) shows the top-view SEM image of the fabricated LED with a chip size of 300 μm × 400 μm, and the inset shows an enlarged SEM image of the top surface of slanted ITO layer. A continuous and porous morphology was observed on the LED's surface, and the measured roughness (root-mean-square, RMS) by atomic force microscopy is about RMS = 45 nm, as shown in Fig. 1(c) . The photoluminescence (PL) and X-ray diffraction (XRD) measurements were performed to characterize the crystalline quality of our nanorod LEDs. Figure 3(a) shows the room temperature normalized PL spectra of p-GaN nanorod arrays with (blue line) and without (black line) slanted ZnO film grown on it. The 325 nm He-Cd continuous wave laser with a spot size of ∼100 μm was used as an excitation source. The PL spectrum of p-GaN nanorod arrays exhibits a blue emission with a peak wavelength around λ = 440 nm, which is commonly observed and mainly attributed to the transitions from the conduction band or shallow donors to Mg acceptors levels in p-GaN. After the growth of slanted ZnO film on p-GaN nanorod arrays, a sharp and dominant UV emission centered at λ = 380 nm with a full width at half maximum (FWHM) of 30 nm was clearly observed, corresponding to the near-band-edge (NBE) transition of ZnO. The secondary peak centered at λ = 440 nm results from p-GaN nanorod arrays directly under the slanted ZnO film. The inset of Fig. 3(a) shows the magnified intensity (20X) of PL spectra in wavelength region from 530 to 700 nm, in which a very weak and broad luminescence attributable to the defect-related transitions of ZnO could be observed. 11 Above observation on PL spectra indicates a relatively low defect and impurity concentrations in the slanted ZnO film, which is beneficial to enhance the probability of photon emission with energy near the ZnO NBE. Figure 3(b) shows XRD (θ -2θ ) patterns of slanted n-ZnO/p-GaN nanorod arrays. Accordingly, the diffraction peaks of slanted n-ZnO/p-GaN nanorod arrays exhibit the crystallographic wurtzite structure along c-axis orientation. Two close but distinguishable diffraction peaks are clearly observed around 34
• (also 73 • ) corresponding to the orientations in the (0002) plane ((0004) plane) of ZnO and GaN. The corresponding FWHM of the XRD rocking curves are also similar, which are 0.059
• and 0.055 • , and 0.063 • and 0.065
• , for the (0002) and (0004) planes of ZnO and GaN, respectively. Most importantly, the intensity of diffraction peaks of ZnO is stronger than that of GaN, suggesting the slanted ZnO film is of good crystalline quality, low interfacial defect, and monocrystalline nature, which agrees well with the measured PL spectra shown in Fig. 3(a) .
To characterize the electrical properties of our slanted n-ZnO/p-GaN nanorod arrays, current versus voltage (I-V) curve was measured by a Keithley 2400 electrometer at room temperature. According to the I-V curve shown in Fig. 4(a) , the slanted n-ZnO/p-GaN nanorod arrays exhibit a well rectifying diode-like behavior with a turn-on voltage of 4.7 V, indicating a proper formation of nanosized p-n heterojunction. The measured rectifying I-V curve was well described by the modified Shockley equation:
where n ideal and I S represent the ideality factor and saturation current, respectively. R S and R P are the series and shunt resistances, respectively. The series and shunt resistances, and the ideality factor and saturation current extracted by Eq. (1) are estimated to be R S = 5.7 k and R P = 1.2 M , and n ideal = 48 and I S = 0.1 μA, respectively. The inset of Fig. 4(a) re-plots the I-V curve in a semi-log scale to identify the value of leakage current. Accordingly, the leakage current in the order of 1.5 × 10 −5 A at −5 V is measured, which is acceptable for the LED with a chip size of 300 μm × 400 μm [ Fig. 1(b) ]. Figure 4 (b) shows light output power and wall-plug efficiency versus forward injection current of the LED. A photograph of light emission of slanted n-ZnO/p-GaN nanorod arrays LED at I = 12 mA is also inserted in Fig. 4(b) . The bluish-white EL is strong enough to be directly observed by naked eyes. Meanwhile, we observe a superlinear dependence on the L-I curve at low currents (I < 4 mA) with a slope of 1.8 (L ∼ I m , m = 1.8), and that becomes sublinear (m = 1.0) at higher injected currents (I > 16 mA). The measured wall-plug efficiency therefore achieves its highest value at low injection current of I ∼ 4 mA, and then decreases pronouncedly with a further increasing of injection current. The possible reason responsible for the change in the slope and efficiency-droop in the high current could be attributed to device's overheating.
We now examine the EL spectrum of the slanted n-ZnO/p-GaN nanorod arrays LED. Figure 5(a) shows the EL spectra as a function of wavelength for various injection currents, and that was then converted into 3D contour image as depicted in Fig. 5(b) . Accordingly, two distinguishable main peaks at λ ∼ 390 nm and λ ∼ 485 nm were identified. The physical origin of the 390 nm emission should be dominated by the ZnO NBE emission (shallow donors to the valence band), 11, 18 whereas that of the 485 nm emission is probably related to the radiative interfacial recombination of the electrons from slanted n-ZnO and holes from p-GaN nanorod arrays, 18 or to the energy transition from a shallow donor level to the V Zn level. 24 As the injection current is increased, the EL intensity increases exponentially and the dominant emission peak is slightly blueshifted in the range of 390-415 nm. Since the band bending of energy profile at the interface of n-ZnO and p-GaN is reduced as the injection current increases, the kinetic energy of injected electrons and holes is hence increased, which leads to a higher probability for the radiaive recombinations and generally accompanies with a blueshift behavior. Additionally, the calculated CIE chromaticity ordinates of EL spectra inserted In summary, we have demonstrated a general scheme for the fabrication of high-efficient ZnObased nanorod LED arrays by using of oblique-angle deposition. The inclined ZnO vapor-flow was selectively grown on the tip surfaces of pre-fabricated p-GaN nanorod arrays, resulting in the formation of nanosized heterojunctions. The characterization of the fabricated device shows good diode behavior with low turn-on voltage of 4.7 V and strong bluish-white EL emission. Since the device preparation does not involve passivation of using a polymer or sophisticated material growth techniques, we believe the revealed scheme might be directly applied on other kinds of hetero-semiconductor nano-devices.
